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Drilling of complicated well trajectory in the reservoir has been increased. Multilateral 
wells, traditional horizontal wells and highly deviated boreholes are drilled frequently. 
Therefore, borehole stability of the drilled reservoir becomes more important. Failure 
to estimate the geopressures to determine safe mud weight for drilling can jeopardize 
drilling works. In addition, the lack of understanding of the mechanical properties of 
the reservoir rock to be drilled will only create more drilling problems. Thus, for 
maintaining wellbore stability of well trajectories, it is important to make 
geomechanical analysis as a tool to make sure the mud weights are suitable. Also, by 
being equipped with the knowledge of rock mechanics of the reservoir will ensure the 
any rock failures while drilling can be predicted beforehand. Therefore, geomechanical 
analysis and modelling using PetrelTM would be the best method to predict the mud 
weights and to study the geomechanics of the reservoir such as the in-situ stresses, the 
coefficient friction factor that if is exceeded will trigger fault reactivation, unconfined 
compressive strength (UCS) of the rock to determine whether the rock is brittle or 
ductile, the Young’s Modulus (E) and also Poisson’s ratio (ν) to predict the 
deformation of the rocks under stress.  When the mud weight used are within the safe 
mud window, drilled trajectories will not experience any compressive failure or 
formation breakdown. Besides that, if rock failures are predicted beforehand, drilling 
the reservoir would not be a problem as deformation of the reservoir will be avoided. 
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   In recent years, drilling of complicated well trajectory in the reservoir has been 
increased. Multilateral wells, traditional horizontal wells and highly deviated 
boreholes are drilled frequently. Therefore, borehole stability of the drilled reservoir 
becomes more important. When a well is drilled, the surrounding rock must support 
the load previously burdened by the removed material, stresses near the borehole 
would be redistributed and causes stress concentration that may lead to formation 
failure (Zare et al., 2012). Therefore, drilling a well trajectory is not a straightforward 
and simple task. It accounts a drilling plan, method of drilling, its technology and also 
the characteristics of the reservoir to be drilled. Having mentioned that, predicting 
reservoir rock failures is of great importance prior to planning a trajectory as 
establishing the stability of the well is imperative.  
   Mechanical failure and unwanted chemical reactions contribute to the condition of 
well or borehole instabilities. In some cases both mechanical and chemical effects can 
occur in combination of both to aggravate the well condition.  
   Chemical effects are related to the type of mud used. It may result due to interaction 
between the drilling fluid and the formation fluid which might change the structure 
and strength of the formation rocks. These alterations mostly weaken the formation 
and hence might lead to borehole enlargements. Solution that impedes such chemical 
reactions begins from determining the suitable drilling fluid to be used.  
   Mechanical failures & risks mostly happen in concurrence with drilling operation. 
Mentioned in the first paragraph, when part of the reservoir is removed as cuttings, 
surely it induces a change of the reservoir nature, including the stress distributions 
around the wellbore. However this can be resolved by using a safe range of drilling 
mud (mud window) to stabilize the pressure around the well. These ranges are 
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important and must be known first-hand before drilling. Values below this range 
accelerate well breakouts, collapse and enlargement (compressive failure) as a result 
of low wellbore pressure. Conversely, well instability such as unwanted fractures 
(formation breakdown), mud lost will manifest if the mud used is excessive. 
   The application of geomechanics for predicting well stability is the foundation for 
the quantifications of the required mud window of safe mud weights for smooth 
drilling and predicting the behaviour reservoir rock when drilled. Geomechanics 
encompasses the understanding of the formation which includes in-situ stresses, the 
strength of the formation and its mechanical behaviour and fluid behaviour in the 
formation. Common geomechanical properties are vertical stress (v), minimum 
horizontal stress (H), maximum horizontal stress (H), pore pressure (Pp) and rock 
strength (Co). Others include fracture pressure (Pff), Poisson’s ratio (), and Young’s 
modulus (E) (Ottesen et al., 1999).  
   The criteria above are then patterned into geomechanical models namely the 1D and 
3D geomechanical models.  1D models account the properties above obtained from 
logs; sonic, density, gamma, and other logs. Correlations are derived from the variety 
of logs to create profiles of the formation along a given well depth (Kartobi et al., 
2012). 3D models are quite the same except they account the geological spread of the 
formation in much detail than the 1D model showing the overlying horizons, faults, 
and lithology. Once a model has been generated, the stress profile and mechanical 
properties of the reservoir rock can be analysed and examined. Subsequently the 
information from the model are then utilized to calibrate the safe mud weight for 
drilling in integration with optimizing well trajectories in the reservoir area.  








1.2 Problem Statement & Identification 
The importance of determining well trajectory in the reservoir while ensuring wellbore 
stability can never be underestimated. For instance when a well is drilled without 
proper mud weight and geomechanical analysis and drill planning is based on past 
experience of drilling other wells or only equipped with some seismic data and past 
experiences, the new well condition can never be predicted. The estimation of the 
pressures in the reservoir (geopressures) is at an utmost importance because the 
pressures (pore pressure & fracture pressure) will serve as a basis for defining the safe 
mud weight to use when drilling the well. Likewise, the knowledge of rock mechanics 
will assist the drilling in the reservoir because once the mechanical properties of the 
reservoir rock are identified, the drilling will be adapted accordingly to the reservoir 
characteristics so that rock failures can be circumvented. However, unknowingly 
drilling in an unstable reservoir without using the right mud weight and the 
understanding of the reservoir rock properties can lead to well stability problem such 
as compressive failures (collapse & washouts) or formation breakdowns (hydraulic 
fracturing & mud lost) in the well. Therefore the geomechanical analysis are 
introduced to determine the safe mud window required for drilling to predict the rock 
properties associated with occurrences of instabilities.  
Outlining the problem statement above, the main problems identified are: 
 Failure to estimate the geopressure used for determining safe mud weight 
window to be used for drilling new well trajectories 
 Lack of understanding of reservoir rock mechanical properties prior to drilling 








1.3 Objectives and Scope of Study 
Thus the objective of this study is to: 
 Determining safe mud weight window for drilling in the reservoir by predicting 
geopressures using geomechanical analysis  
 Investigating the reservoir rock mechanical properties using Geomechanical 
Models for optimizing well trajectories in the reservoir  
The scope of study includes:  
 Conducting research and studies on the theory and concept definition related 
to the project. 
 Drilling engineering  
 Geomechanics in drilling engineering 
 Rock Mechanics  
 





























THEORY & LITERATURE REVIEW  
 
2.1 Theory 
   In a nutshell, wellbore instability can be caused by either mechanical or chemical 
failure or both. Highlighting on the project topic, mechanical stability will be 
addressed in great depth in this paper. 
   The rock strength of the reservoir is in equilibrium with the in-situ rock stresses prior 
to drilling. When the drilling starts, the nature between the rock strength and the in-
situ stresses is disturbed.  
   Mechanical wellbore failure will take place when the stresses acting on the rock 
exceed the compressive or the tensile strength of the rock. Compressive failure is 
caused by shear stresses as a result of low mud weight, while tensile failure is caused 
by normal stresses as a result of excessive mud weight. The result is a potential 
instability in the wellbore. 
   Well stability models are developed eventually and the some of the models includes 
linear elastic, nonlinear, elastoplastic, plastic, elastic-brittle, elastic-plastic, 
aniosotropic, depicted in ID, 2D and 3D models. Regardless of the model, the basic 
parameters needed include: 
 Geopressures  
o Overburden Pressure 
o Pore Pressure 
o Fracture Pressure 
 In-situ stresses  
o Overburden/vertical stress 
o Minimum and maximum stress 
 Effective stress 




Schlumberger Oilfield Glossary (2013) defines Geopressure as “the pressure within 
the Earth, or formation pressure”. In a nutshell, geopressure is categorized into 
overburden pressure, pore pressure and fracture pressure  
Overburden Pressure, Sv 
The overburden stress or pressure is a function of depth and density of the sediments 
lying above the depth of interest. See point 2.1.2. 
Pore Pressure, Pp  
The overburden stress is a function of depth and density of the sediments lying above 
the depth of interest. 
Pore pressure is the pressure of the fluids contained within the pore space of a rock in 
the reservoir, commonly expressed as the density of fluid. In the absence of any other 
processes (compression, compaction), the pore pressure is simply equal to the weight 
of the overlying fluid, in the same way that the total vertical stress is equal to the weight 
of the overlying fluid and rock. This pressure is often referred to as the hydrostatic 
pressure. The normal hydrostatic pressure gradient for freshwater is 0.433 psi/ft (1.42 
psi/m) and 0.465 psi/ft (1.52 psi/m) for water with 100,000 ppm total dissolved solids 
(Schlumberger – Oilfield Glossary)   
Fracture Pressure, Pff 
Formation fracture pressure, Pff is the pressure of the formation at which it cannot 
withstand an applied borehole pressure at 
such a magnitude. It is also a function of pore 
pressure. 
Fracture pressure gradient is defined as the 
pressure gradient that will cause fracture of 
the formation. In other words, if the 
formation is exposed to a pressure higher 
than its fracture pressure limit, the formation 
will break (fracture) and possibly lost 
circulation will occur (Luiz et al., 2004).  
Figure 1a: Fracture propagation 




The stress within a rock can be resolved into three principal stresses. A formation will 
fracture when the pressure in the borehole exceeds the least of the stresses within the 
rock structure (Figure 1a). Normally, these fractures will propagate in a direction 
perpendicular to the least principal 
stress. At sufficient depths (usually 
below 1000 m or 3000 ft) the minimum 
principal stress is horizontal; therefore, 
the fracture faces will be vertical. For 
shallow formations, where the 
minimum principal stress is vertical, 
horizontal (pancake) fractures will be 
created (Figure 1b).  
 
2.1.2 In-Situ Stresses 
Reservoir formations are confined and under stress. Figure 1c illustrates the principle 
stresses for an element of formation. The stresses can be divided into three principal 
stresses: 
 Sv is the vertical stress 
 Sh is the minimum horizontal stress 
 SH is the maximum horizontal stress 
These stresses are normally compressive, 
anisotropic, and nonhomogeneous, which 
means that the compressive stresses on the rock 
are not equal and vary in magnitude on the basis 
of direction. 
Overburden stress, Sv is the pressure exerted on a formation at a given depth due to the 
total weight of the rocks and fluids above that depth. Most formations are formed from 
a sedimentation/compaction geologic history. Formations may vary significantly from 
the earth's surface to any depth of interest. Shallow shales will be more porous and less 
dense than shales at great depths. 
Figure 1b: Fracture faces 
(courtesy of New Mexico Tech) 
 





Horizontal stresses, SH & Sh occurs from the process as when the overburden squeezes 
the rock vertically, it pushes horizontally. Constraint by surrounding rock creates 
horizontal stress. It has been found in most parts of the world, at depths within reach 
of the drill bit, that the stress acting vertically, Sv on a horizontal plane is a principal 
stress. This requires that the other two principal stresses act in a horizontal direction. 
Because these horizontal stresses almost always have different magnitudes, they are 
referred to as the maximum horizontal stress, SH, and the minimum horizontal stress, 
Sh.  
 2.1.3 Effective Stress, σ 
Effective stress is the relationship between stress and pore pressure. The rock matrix 
does not support the full load of overburden and horizontal stress. Part of the load is 
supported by the fluid in the pore (pore pressure). The net stress is the effective stress 
felt by the rock matrix. Effective stress is used in rock mechanics to determine the 
stability of the wellbore (Amoco Corporation – Drilling Handbook – Wellbore 
Stability). 
2.1.4 Rock Properties 
In general, rock assumes a purely elastic behaviour, meaning that deformation short of 
breaking is reversible (Brady et al., 1992). Within a limit of shear stability, the rock 
behaviour is presumably elastic. If stresses are not too large, the shear limit can be 




However further studies shows that rock behaviour departs from the idealized linear 
behaviour. It also adheres to a plastic behaviour because there is clearly a limit to 
elastic behaviour if a sufficiently large tensile stress is applied. Rock mechanics is the 
study of the mechanical behaviour of subsurface rocks. 
 
 
𝜏 = 𝐶 + 𝜎𝑛 tan 𝜙 
  = shear stress at failure 
C = unit cohesive strength   
 
n = stress normal to the plane of failure 




Rock Strength, Co 
Rock strength is defined as the ability of a rock to adapt to stress before any 





Poisson’s Ratio,  
Poisson’s ratio is defined as the ratio of lateral expansion to longitudinal contraction 




Young’s Modulus, E 
 
 
Young's modulus (elastic modulus), also known as the tensile modulus, is a measure 
of the stiffness of an elastic material (in this case the formation & reservoir) and is a 
quantity used to characterize mechanical property of the materials. It is defined as the 
ratio of the stress along an axis over the strain along that axis in the range of stress. It 
describes the response to linear stress. 
 
 




  = poisson’s ratio t = lateral expansion l = longitudinal contraction 
 
 








𝑃 = 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 




2.2 Wellbore Stability Prediction 
Ottesen et al. (1999) stated that pore pressure and fracture gradient data are probably 
the most important parameters in any well design. These parameters form the bases of 
drilling plan and casing & cementing designs.  
Once a geomechanical model has been developed that quantifies the principal stress 
magnitudes and orientations, the pore pressure, and rock properties, it is possible to 
predict the mechanical failures that might take place as a function of mud weight. This 
makes it possible to recognize and minimize problems without disruption of the 
drilling plan (Moos et al., 2003). 
Several simulations can be modelled that based on a developed geomechanical model. 
Figure 2 shows a 1D geomechanical model derived from 1D logging results of a well 
(Kartobi et al., 2012).  




Important criteria to note are the variations with depth of elastic properties    (Column 
3) and strength properties (Column 4), the calculated stress profiles (Column 5), the 
calculation of a mud weight window consistent with drilling events (Column 6), the 
correlation between breakouts predicted from the model (Column 7), measured 
breakouts from calliper logs (Column 8), image logs (Column 9) together with depth 
and lithology (Column 1&2). 
On the other hand, the more advanced model which is the 3D geomechanical model 
depicts the reservoir in of course, three dimension, a triaxial depiction of the reservoir. 
The model can show the geological structure of the reservoir e.g. fault, horizon. It can 
also create a 3D stress model of Young’s Modulus and Overburden. When these 
models are available, another 3D model can be develop based on them which can 
predict wellbore stability for any location within the reservoir (depth & azimuth) such 
as, the new creation mud weight cube showed by Kartobi et al. (2012). Figure 3&4 
show the methodology of developing a 3D well stability model of mud weight cube 
based on other 3D models of reservoir properties and stresses. 
 
Figure 3: 3D models from clockwise – Horizon, Faults, Young’s Modulus from a 





Figure 4: Mud Weight Cube developed from the 3D parameters above 
 
The Mud Weight Cube model shows the mud weight window distribution at any given 
point in the reservoir. Planning a well trajectory campaign can be made simple as it 
shows which the orientation is the best 
to drill while ensuring wellbore 
stability. 
Other wellbore stability models 
include an illustration of a lower 
hemisphere projection that 
exemplifies the likelihood of breakout 
formation for a single stress at a single 
depth at any orientations (Moos D. 
2006). It is shown in figure 5 courtesy 
of GeoMechanics Intl. Inc.  
 
Figure 5: Illustrations of the risk of 
failure as a function of wellbore 
orientation through lower hemisphere 
projection and the minimum safe mud 




2.3 Case Studies 
Zare et al. (2012) presented 5 different cases of stress regimes and the input parameters 
for mechanical stability. According to these data minimum bottomhole pressure that 
mud weight must be provided to prevent well collapse determined. Furthermore, 
optimum well trajectory that indicates the best stable drilling direction for stability 
obtained for each case in which this report will only present case 1 and case 3 for 
clarification.  
Table 1 shows the input parameters for stability analysis fro case 1 & 3 in different 
stress regime.  
 
Table 1a: Input parameters for stability analysis in 2 different stress regimes 
 
Case 1 indicates a normal stress regime. Figure 6 shows the3-D plot of collapse 
pressure as a function of inclination and wellbore azimuth for Case 1. The vertical axis 
is collapse pressure, and horizontal axes indicate wellbore trajectory in terms of 
inclination and azimuth. It reveals the collapse pressure of a vertical borehole is less 
than the horizontal borehole, so the vertical boreholes are more stable than the 
horizontal boreholes and almost all the deviated wells. It is also obvious that drilling 
in the direction of minimum horizontal stress, regardless of the inclination, is better to 
avoid borehole collapse. So drilling parallel to the minimum horizontal stress direction 
is the most stable state in this case. Moreover, it shows that the collapse pressure is 
highly sensitive to the inclination in all direction or azimuth. 
In Case 3, the formation is in the strike-slip regimes. It is obvious from Figure 7 that 
a horizontal well is the most stable one. As Figure 7 depicts, in this case drilling in the 
direction of maximum horizontal stress, regardless of the inclination, need the lowest 
hydrostatic pressure to avoid borehole collapse in drilling condition. Contrary to Case 








Figure 7: Collapse pressure for various wellbore trajectories in SS stress regime  
(Case 3) 
 
Regarding Table 1b comparing the 5 cases, it is revealed that the optimum wellbore 






Table 1b: Optimum wellbore trajectory in different cases for drilling and production condition  
15 
 
Zare et al. also developed a stability analysis for 2 deviated wells in Ahwaz oilfield. 
Wells AZ-A and AZ-B are two deviated wells with same drilling conditions that 
produce oil from Bangestan Reservoir in Ahwaz oil field (one of southern Iranian field 
in the Middle East).Based on a resultant Geomechanical model, data in Table 1c was 
used to do stability analysis during drilling in Ahwaz oilfield. 
 
Figure 7a shows the collapse pressure of the well with different inclination and 
azimuth in Ahwaz oilfield by using data in Table 1c. It is obvious from Figure 7a that 
well AZ-A has been drilled in the optimum drilling direction (close to the maximum 
horizontal stress direction) but well AZ-B has been drilled in the direction of minimum 
horizontal stress. Therefore it is expected that well AZ-A be more stable with less 
drilling problems than the well AZ-B. Refereeing to the drilling reports, numerous 
cases of borehole instability, stuck pipe, and borehole collapse have been stated while 
drilling well AZ-B. These problems caused highly increasing of drilling operation cost 
of this well. However, well AZ-A has been drilled without any serious problems which 
confirming the applicability and accuracy of presented well. 
 
 
Table 1c: Input data for wells AZ-A and AZ-B  










3.1 Course Methodology 
 
Figure 8: Process flow of work 
RESEARCH DOCUMENTATION
Extended proposal, interim report, progress report, technical paper, dissertation, 
etc.
ANALYSIS, RESULT AND DISCUSSION
Analyze findings from the results obtained and discuss the effect of  findings 
RESEARCH COMMENCEMENT
Conduction software simulations, experiment and  in depth research 
PREPARATION
Data collection of the Geomechanical Parameters
PLANNING
Proper plan to approach the problem, to improve and create a new solution
PRELIMINARY REASEARCH
Understanding fundamental theories and concepts, perform literature review,  of 
wellbore stability, geomechanics & drilling engineering
PROJECT REVIEW
Understanding and introduction of background study
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3.2 Project Methodology & Activities 
 1) Require a Reservoir Model Equipped with Initial Parameters              































 Estimating the 
Geopressures and 
their Gradients 
Manual Calculation using Spreadsheet to develop 
gradients 
Grid x Grid Calculation using PetrelTM Calculator 
for 3D Modelling 
Estimating Mud 
Weight Window 
Manual Calculation using Spreadsheet to Develop 
Max & Min Mud Weight Graphs 
Manual Calculation Using Spreadsheet To Develop 
Mud Weight Window Graph 
3D Modelling of Mud Weight using PetrelTM 
Calculator 































Review Structural Model of the Reservoir 
Determine the 
Frictional Strength 
(µ) of the Reservoir 
Frictional Strength Modelling using PetrelTM 
Calculator  
Determine the Effects of Frictional Strength on 
Reservoir Rock  
Wellbore Stability Analysis and Well Trajectory 




Strength (UCS) of 
the Reservoir 
 
UCS Modelling using PetrelTM Calculator 
Determine the Effects of UCS on Reservoir Rock 
Wellbore Stability Analysis and Well Trajectory 
Optimization based on UCS 
Determine the 
Young’s Modulus 
(E) of the Reservoir 
 
Young’s Modulus (E) Modelling using PetrelTM 
Calculator 
Determine the Effects of Young’s Modulus (E) on 
Reservoir Rock 
Wellbore Stability Analysis and Well Trajectory 
Optimization based on Young’s Modulus (E) 
Determine the 
Poisson’s Ratio (ν) 
of the Reservoir 
 
Poisson’s Ratio (ν) Modelling using PetrelTM 
Calculator 
Determine the Effects of Poisson’s Ratio (ν) on 
Reservoir Rock 
Wellbore Stability Analysis and Well Trajectory 
Optimization based on Poisson’s Ratio (ν) 











Table 2b: Project milestone 
 
3.4 Tools 
Geomechanical Simulator using Schlumberger’s PetrelTM 
• Simulation of MEM using calculator 
• 3D modelling 
• Cross sectioning of 3D model 
• Wellbore stability analysis & well trajectory optimization 
Manual Calculation using Microsoft’s ExcelTM Spreadsheet 










5 Completion of preliminary research work 
7 Submission of extended proposal 
9 Completion of proposal defence 
12 
Confirmation on lab material and equipment for conducting 
experiment/simulation 
13 Submission of Interim draft report 






5 Finalized the experiment procedure 
6 Conducting in depth research, experiment and simulation 
7 Result analysis and discussion 
8 Submission of progress report 
9 Preparation for Pre-SEDEX 
12 Pre-SEDEX 
- Submission of draft report 
11 Submission of technical paper and dissertation (softbound) 
13 Oral presentation 
15 Submission of project dissertation (hardbound) 
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ACTIVITIES 1 2 3 4 5 6 7 
 
8 9 10 11 12 13 14 1 2 3 4 5 6 7 
 
8 9 10 11 12 13 14 15 
Course Introduction                              
Project Topic Selection                              
Preliminary Project Work                              
Submission of Extended Proposal                              
Research Planning                              
Proposal Defence                              
Project Work Continues                              
Submission of Interim Draft Report                              
Submission of Interim Report                              
Project Work Continues                              
Submission of Progress Report                              
Pre-SEDEX                              
Submission of Final Draft Report                              
Submission of Dissertation (soft bound)                              
Submission of Technical Paper                              
Oral Presentation                              
Submission of Dissertation (hard bound)                              
 
 








RESULTS & DISCUSSIONS 
 
   The formation (Gullfaks Formation) & reservoir (Gullfaks Reservoir) of study is 
taken from a North Sea field with coordinate reference system (CRS) of Universal 
Transverse Mercator UTM 84-31N. All modelling, simulation and data acquisition are 
done using Schlumberger’s Petrel 2010.2.2 and Petrel 2012.4. 
 Figure 10: Field of study location 
4.1 Model Parameter 
   The x-axis coordinates of Gullfaks Formation spans approximately in the range of 
400000 to 480000 meters, the y-axis coordinates ranges from 6735000 to 6830000 
meters. The depth of Gullfaks Formation is until -20000 meters from the datum point 
of 0 meters. The field itself is about 57855 m wide and 62680 m in length and at a 
height of -20000 m making the volume of Gullfaks Formation approximately 
7.25x1013 m3. In other words Gullfaks Formation is a 3D model that extends from the 
land surface @ 0 m to the datum level @ -20000 m. See Figure 11a, the blue skeleton 
is the land surface and yellow skeleton is the datum level. Whereas, Figure 11b is the 
cell volume of Gullfaks Formation. 
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Figure 11a & 11b: Gullfaks Formation 
   Whereas, the coordinates of Gullfaks Reservoir which is within Gullfaks Formation 
are defined from 450800 to 459000 m to the east for the x-axis and for the y-axis the 
coordinates range from 6780100 to 6790200 m to the north and z-axis of the reservoir 
approximately ranges from -1750 m to -2400 m which represents the reservoir 
thickness. Thus, perimeter of the reservoir is distanced 8200 m in the x-direction and 
10100 m in the y-direction and the height of the reservoir is about 600 m.  
 


















4.2 Geomechanical Analysis 
   This geomechanical analysis section consists of parts in which all of them will assist 
in determining the optimum well trajectories in the reservoir. Firstly this section will 
start by defining the existing pressures within the Earth, determining mud weight 
window, then proceeded by 3D Geomechanical modelling otherwise known as 
Mechanical Earth Model (MEM) modelling. 
 
4.2.1 Geopressure Estimation 
      During the process of planning and drilling a well, determining geopressure is one 
of the main considerations in order to accomplish this successfully seeing as its 
accuracy has a considerable effect on wellbore stability issues that may have a great 





a) Overburden Pressure Gradient Estimation 
   The overburden pressure must be estimated firstly before estimating the pore 
pressure gradient and fracture gradient as the overburden pressure is associated with 
them and thereby important in their estimations. Any incorrect estimation of the 
overburden pressure will affect them and in turn will affect the determination of safe 
pressure window for drilling or safe mud window.  
   Mentioned earlier, a gradient of 3.28 psi/m (1 psi/ft) is typically attributed to 
overburden gradient. In the case of this reservoir, the overburden gradient was 
estimated to be approximately 3.19 psi/m (20 kPa/m). It is the value used by 
Schlumberger for its modelling practices of this field. This overburden pressure will 
also be used to determine the effective vertical stress later on because the overburden 
pressure can also means vertical stress. Now, by using this gradient, the overburden 
pressures at certain depth within the reservoir can be estimated using this simple 
equation. 






   The depths are randomly chosen from the existing 3D model of the reservoir given 
that it is within the boundary of the reservoir and will also be used for the determination 





























  Basically, the overburden pressure gradient for Gullfaks Reservoir is a straight line 
just like in Figure 15, and it extends all the way to the surface and represents the 
overburden pressure gradient for Gullfaks Formation as well. Figure 16 shows the 3D 
model of overburden pressure. The model is shaped from the model of Gullfaks 
Reservoir itself with total number of 108750 grid cells (nI x nJ x nK – 47 x 66 x 35) 
and calculator within PetrelTM (refer appendix) will calculate the function of pressures 
with depths at every cell so that it covers all 108750 of them compared to manual 
𝑆𝑣(𝑝𝑠𝑖) = 𝑂𝑣𝑒𝑟𝑏𝑢𝑟𝑑𝑒𝑛 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 (
𝑝𝑠𝑖
𝑚
) × 𝐷𝑒𝑝𝑡ℎ (𝑚) 
 
                 Figure 15: Overburden pressure gradient 
 



























calculation which deals with 23 points. As can be seen the pressure increases with 
depth concurring the gradient above. 
 
b) Pore Pressure Gradient Estimation  
   The estimation of pore pressure, Pp is of great significance as it determine the 
minimum allowable mud weight required for safe drilling to avoid risks of 
compressive failures that cause formation damage such as washouts. These damages 
would lead to other problems which are cost related such as stuck pipe, kicks and 
blowouts.  
   This pore pressure of this formation is discovered to be normal formation pressure 
whereby it equals the hydrostatic pressure of formation water. It is said to be normal 
formation pressure because the increase of overburden stress from the rate of 
deposition does not exceed the rate at which fluid can escape from the pore thus a fluid 
connection exists from surface to the depth of interest (Amoco Corporation – Drilling 
Handbook – Wellbore Stability). 
   The model below shows the initial pressure of Gullfaks Reservoir. Unlike the 3D 
model of overburden pressure which is simulated based on calculation using PetrelTM, 
the initial reservoir pressure is made available using well testing. It is the pressure as 
of January, 2000. Just like overburden pressure, the reservoir pressure increases with 
depth. 




    
     A typical pore pressure gradient as mentioned earlier is 1.53 psi/m (0.465 psi/ft) 
but for this particular field is around 1.41 psi/m (0.43 psi/ft). The gradient value where 
obtained by averaging the quotient of initial formation pressures of the reservoir, Pf 
with their corresponding depths (same depths used to calculate the overburden 



















2585.53 1757.04 1.471525976  3013.40 2145.72 1.404377086 
2585.31 1813.40 1.425670012  3076.50 2181.67 1.410158273 
2618.88 1836.72 1.425846073  3094.27 2215.68 1.396532893 
2656.10 1878.50 1.413947298  3148.20 2233.17 1.409744892 
2689.56 1893.08 1.420732352  3152.72 2251.63 1.400194526 
2721.74 1923.20 1.415214226  3162.50 2257.46 1.400910758 
2728.28 1934.86 1.410065845  3221.28 2273.01 1.417186902 
2782.28 1954.29 1.423678164  3241.01 2307.99 1.404256518 
2839.24 2012.59 1.410739396  3260.10 2319.50 1.405518431 
2891.91 2053.41 1.408345143  3266.89 2339.08 1.39665595 
2946.12 2115.59 1.392576066  3298.27 2361.43 1.396725713 
2951.74 2123.37 1.390120422  Average Pore Pressure Gradient =1.41 psi/m 
𝑃𝑝 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 (𝑝𝑠𝑖 𝑚⁄ ) = 𝑃𝑓 (𝑝𝑠𝑖) ÷ 𝐷𝑒𝑝𝑡ℎ (𝑚) 
 
Figure 17a: 3D model of initial reservoir pressure 
 






   The plot above does not show a straight line, but the best fit line does. It represents 
the gradient of 1.41 psi/m and so extends to the surface. 
c) Fracture Gradient Estimation  
   Fracture pressure is the pressure that will instigate the formation to crack or fracture. 
Like pore pressure, the estimation of formation fracture pressure, Pff is of huge 
importance too as it determine the maximum allowable mud weight required and if 
mud weight used exceeds this limit, the formation will experience formational 
breakdown and fracture as tensile failure occurs. These fracture would cause the mud 
to be lost in the formation through the cracks and drilling works will be forced to stall. 
   Hubbert and Willis introduced a principle in the paper Mechanics of Hydraulic 
Fracuring that the minimum wellbore pressure required to extend an existing fracture 
was given as the pressure needed to overcome the minimum principle stress (Hubbert 






























   Based on the experimental data from the laboratory, they suggested that the 
minimum principle stress in the shallow sediments is approximately one-third the 





      
 
  Shown above are 3 equations with different expressions but with the same aim, to get 
Pff. Eq 1&2 is the same and the parameters needed to calculate Pff are available where 
Sob (Sv) is the overburden pressure/stress and Pf is the formation reservoir pressure and 







  The calculations were then made in the same manner in determining pore pressure 
gradient and overburden gradient based on 23 points of pressures vs depths. The 
fracture pressure was then plotted against depth to create an actual fracture gradient. It 
also similar to the previous 2 3D models in which the pressure increase with depth and 
was generated using calculator in PetrelTM calculating all 108750 grid cells. 


















(3.19 𝑝𝑠𝑖 𝑚⁄ × 1757.04𝑚) − 2(2585.53 𝑝𝑠𝑖)
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2585.53 1757.04 3592.49  3013.40 2145.72 4291.14 
2585.31 1813.40 3652.29  3076.50 2181.67 4371.45 
2618.88 1836.72 3699.47  3094.27 2215.68 4419.47 
2656.10 1878.50 3768.72  3148.20 2233.17 4474.02 
2689.56 1893.08 3806.54  3152.72 2251.63 4496.67 
2721.74 1923.20 3860.03  3162.50 2257.46 4509.39 
2728.28 1934.86 3876.79  3221.28 2273.01 4565.12 
2782.28 1954.29 3933.46  3241.01 2307.99 4615.47 
2839.24 2012.59 4033.44  3260.10 2319.50 4640.44 
2891.91 2053.41 4111.97  3266.89 2339.08 4665.80 
2946.12 2115.59 4214.24  3298.27 2361.43 4710.49 























Table 6: Calculation of fracture pressure 
 





   The estimation of the 3 pressure gradients yields gradients with reasonable figures 
and patterns wherein pore pressure gradient is the lowest (left), the overburden 
pressure gradient is the highest (right) and the fracture gradient lies in between them 
(middle), henceforth, the geopressure gradients of Gullfaks Reservoir. 
 


























   In between the pore pressure and fracture pressure, it can be roughly defined as the 
safe pressures for drilling in other words drilling window whereby compressive 
failures and formational fracturing can be avoided. The drilling window can then be 
used to calculate safe mud window for drilling which will be explained later on.  
 
 
4.2.2 Mud Window Estimation & Wellbore Stability Analysis 
   The calculation of mud weights depends on the pressures and depths defined earlier. 
Thus different pressures and depths gives different values of mud weights.  
 
 
   Using the equation above with the pressures of pore pressure, we can calculate the 
minimum allowable mud weight. Conversely, the maximum mud weight can be 
calculated when the fracture pressure is used in the equation. The depths chosen are 
the same as the 23 chosen earlier. Whereas the models are generated using the 




















PORE PRESSURE GRADIENT vs FRACTURE GRADIENT
𝑀𝑢𝑑 𝑊𝑒𝑖𝑔ℎ𝑡, 𝑝𝑝𝑔 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑝𝑠𝑖)
0.052 × 3.281 × 𝐷𝑒𝑝𝑡ℎ(𝑚)
 
























MAXIMUM ALLOWABLE MUD WEIGHT VS 














1757.04 2585.53 8.62 3592.49 11.98 
1813.40 2585.31 8.36 3652.29 11.80 
1836.72 2618.88 8.36 3699.47 11.81 
1878.50 2656.10 8.29 3768.72 11.76 
1893.08 2689.56 8.33 3806.54 11.79 
1923.20 2721.74 8.29 3860.03 11.76 
1934.86 2728.28 8.26 3876.79 11.74 
1954.29 2782.28 8.34 3933.46 11.80 
2012.59 2839.24 8.27 4033.44 11.75 
2053.41 2891.91 8.25 4111.97 11.74 
2115.59 2946.12 8.16 4214.24 11.68 
2123.37 2951.74 8.15 4226.26 11.67 
2145.72 3013.40 8.23 4291.14 11.72 
2181.67 3076.50 8.27 4371.45 11.74 
2215.68 3094.27 8.19 4419.47 11.69 
2233.17 3148.20 8.26 4474.02 11.74 
2251.63 3152.72 8.21 4496.67 11.71 
2257.46 3162.50 8.21 4509.39 11.71 
2273.01 3221.28 8.31 4565.12 11.77 
2307.99 3241.01 8.23 4615.47 11.72 
2319.50 3260.10 8.24 4640.44 11.73 
2339.08 3266.89 8.19 4665.80 11.69 
2361.43 3298.27 8.19 4710.49 11.69 





   Now that the two mud limits have been determined, the mud window can be 
estimated from the difference between the maximum and the minimum mud weight or 
can be calculated using the equation above using the pressure window shown in Figure 
21. According to Table 8 below, the mud windows are approximately in the range of 
3.30 ppg ~ 3.60 ppg. The PetrelTM calculator confirms it. These mud windows with 
respect to depths of the reservoir are to limit breakouts and prevent fracture initiation. 
 
 
















1757.04 1006.96 3.36  2145.72 1277.74 3.49 
1813.40 1066.98 3.45  2181.67 1294.95 3.48 
1836.72 1080.59 3.45  2215.68 1325.20 3.51 
1878.50 1112.62 3.47  2233.17 1325.82 3.48 
1893.08 1116.98 3.46  2251.63 1343.95 3.50 
1923.20 1138.29 3.47  2257.46 1346.89 3.50 
1934.86 1148.51 3.48  2273.01 1343.84 3.47 
1954.29 1151.18 3.45  2307.99 1374.46 3.49 
2012.59 1194.20 3.48  2319.50 1380.34 3.49 
2053.41 1220.06 3.48  2339.08 1398.91 3.51 
2115.59 1268.12 3.51  2361.43 1412.22 3.51 
2123.37 1274.52 3.52     
 
    
   Referring to Figure 23a and the blue minimum allowable mud weight line in Figure 
24, it show the boundaries of avoiding collapse (compressive failure) at the reservoir. 
Whereas Figure 23b and the red maximum allowable mud weight line in Figure 24 
show the boundaries of avoiding lost circulation because of fracturing (formation 
Table 8 & Figure 24: Mud window estimation   
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breakdown) at the reservoir. Figure 25 shows the failures that will take place if the 
mud weight is insufficient or excessive. 
 
 
   Thus, to drill a well trajectory and at the same time preserving the stability of the 
wellbore, a mud weight that falls in the range of the safe mud window must be used. 
The mud weight must be within the green region shown in Figure 24. 
   The 3D model of mud window will be similar as the models of min & max mud 
weight because of the small increment of 0.1 (3.3 ppg ~ 3.6 ppg). So everywhere in 
the reservoir, the mud windows are about the same in the range of 3.3 ppg ~ 3.6 ppg.    
Nonetheless, one thing that is certain, the max & min mud weight, mud window vary 
with depth even though in the variation of only 0.1. 
   Although the safe mud window has been defined where it lies in between the pore 
pressure gradient and fracture gradient, Li et al. (2012) indicates that the safe mud 
window lies in between the shear failure stress gradient (SFG) and fracture gradient 
not pore pressure (Figure 26). The shear failure gradient should be greater than pore 
pressure but in slight magnitude. Therefore it should be depicted as in Figure 27. 
Figure 27 shows the geopressure gradients a well (well 2/5-2) in Tor Area, North Sea 
along with the shear failure gradient courtesy of Berg (2012). The shear failure 
gradient which is maroon in colour is right next to pore pressure gradient which is in 
red. At the depth of 3400 ft, it can be observed that the pore pressure and the shear 
failure gradient intersect each other. Also the difference between those two gradients 
are about 0.7 ppg. So for simplicity, the shear failure gradient will be assumed to be 
same as the pore pressure in the case of Gullfaks reservoir.  
Compressive Failure  
breakouts; tight hole 
Formation Breakdown
fracturing; mud losses






Figure 26: The relationship between mud weight and wellbore instability (Li et al. 2012).    MW = 
Mud Weight, PP = Pore Pressure, SFG = Shear Failure Gradient, FG = Fracture Gradient 
Figure 27: Shear Failure gradient estimation well 2/5-2 (Berg 2012). 
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   Consequently, the relationship between mud weight and wellbore instability was 
reformed so that it represents the condition of this reservoir. Figure 28 shows the 
relationship with the shear failure gradient equals to the pore pressure gradient. 
Subsequently, washout and shear failure is the compressive failure that will occurs 
when mud weight used is low. Thus, the safe mud window is in between the pore 
pressure gradient and fracture gradient. 
 
 
   The assumption that the gradient of shear failure equals to the pore pressure gradient 
does not mean wellbore stability in terms of shear failure is neglected in this report. It 
will be investigated later on in this report in term of stress constraints owing to 
frictional strength in the MEM modelling part.  
 
4.3 Geomechanical Modelling (MEM) 
  Despite that safe mud weight is used, sometimes the deformation of rock can still 
occur as function of rock properties. Mud weight is a function of pressure not rock 
mechanical property, therefore it only accounts failures based on geopressure. Thus to 
ensure wellbore stability as a function of rock mechanical properties, Geomechanical 
modelling (MEM) must be done. 
Figure 28: The reformed relationship between mud weight and wellbore instability 
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   The Construction of the 3D mechanical earth models (MEM) starts from a structural 
model of the reservoir and overburden horizons, plus fault surfaces. Stresses are 
important for drilling in the overburden as well as the reservoir, so the 3D model must 
extend to the land surface of Gullfaks Formation. Faults are important to include as 
they can strongly affect the stress around them, in addition to the risk of fault 
reactivation. 
   For Gullfaks Reservoir, 7 reservoir horizons (Figure 29) and 23 faults (Figure 30) 
were mapped. In the figures, the existing colours indicates true vertical depth. Note the 
apparent variations in the formation thickness caused by faults and unconformities. 
Figure 29: Horizons of Gullfaks Reservoir   
 
   Below are the layers of overburden and underburden (Figure 31) mapped with the 
reservoir lying in between them.  
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 Figure 30: Existing faults in Gullfaks Reservoir 
 
   
Figure 31: Overburden and underburden layers 
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   In Figure 32, it shows the Bulk modulus of Gullfaks Reservoir. Another version of 
the model will be shown later on and this is just to show an example of a rock 






4.3.1 Effective Stresses 
a) Effective Overburden Stress, σv  
   The overburden stress effectively stresses the rock matrix. Fluid pressure in the pore 
supports a portion of the overburden load. The remaining portion of overburden stress 
is the load effectively stressing the rock matrix. 




Where Sv total vertical/overburden 
stress/pressure and Pp is the pore 
pressure/formational reservoir pressure Pf. 
Using PetrelTM calculator, the effective 
overburden stress was calculated (refer 
appendix for formula).  
Figure 32: Bulk Modulus of Gullfaks Reservoir  
𝜎𝑣 = 𝑆𝑣 − 𝑃𝑝 
Figure 33: Concept of effective 





   The calculated max & min overburden pressure recorded are approximately 5730 psi 
and 7390 psi respectively. Whereas the calculated max & min effective overburden 
stress after subtracting the values of pore pressures are approximately 3170 psi and 
4090 psi respectively. The reduction is about 44%.   
b) Effective Horizontal Stress, σh, σH 
   Similarly, the effective horizontal stresses can be determined. Usually the horizontal 
stresses are equal and the effective horizontal stress is equal to the effective overburden 
stress times a lithology factor, k. The lithology factor (k) is equal to 1 for fluids but is 
less than 1 for more rigid material such as formation rock (Amoco Corporation – 
Drilling Handbook – Wellbore Stability). 
 
 
Figure 34: Effective overburden stress  
Figure 35: Lithology factor, k of materials  
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   Figure 35 exemplifies the different value of lithology factor, k for different materials. 
For stiff materials like formation rock say shale, the k factor equals to 0.37. Gullfaks 
reservoir are made up of mostly sandstone and the amount of shale are minimal and 
sandstone being more rigid than shale, the k factor of sandstone is around 0.3 and this 








   Figure 36 illustrates the effective horizontal stress throughout Gullfaks Reservoir 
which values lies in the range of 957 psi and 1227 psi. This accounts for both σh & σH. 
In brief, these effective horizontal & overburden stress are that portion of the external 





𝜎ℎ = 𝜎𝐻 = 𝑘 × 𝜎𝑣  
𝜎ℎ = 𝜎𝐻 = 0.3 × 𝜎𝑣  
Figure 36: Effective horizontal stress  
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4.3.2 Restraints of Stress Magnitude on Rock Strength 
   Rock mechanics is the study of the mechanical behaviour of subsurface rocks. In 
other words, it deals with the rock strength itself. Moos D. (2006) stated that if rock 
were infinitely strong and contained no flaws, stresses in the crust could, in theory, 
achieve any value. However, faults and fractures exist at all scales, and these will slip 
if the stress difference gets too large. Even intact rock is limited in its ability to sustain 
stress differences. It is possible to take advantage of these limits when defining a 
geomechanical model for a field when other data are not available for resolving the 
assumption of shear stress failure gradient made earlier. 
a) Stress Constraints Owing to Frictional Strength   
   Once more, Moos D. (2006) explained that one concept that is very useful in 
considering stress magnitudes at depth is frictional strength of the crust and the 
correlative observation that, in many areas of the world, the state of stress in the crust 
is in equilibrium with its frictional strength. Because the Earth’s crust contains widely 
distributed faults, fractures, and planar discontinuities at many different scales and 
orientations, stress magnitudes at depth (specifically, the differences in magnitude 
between the maximum and minimum principal effective stresses) are limited by the 
frictional strength of these planar discontinuities.  
   Whenever σh, σH or σv increases the pre-existing faults and fractures of the reservoir 
begin to slip or crack further as soon as the frictional strength of the reservoir is 
exceeded. The frictional strength of faults can be described in terms of the Coulomb 
criterion, which states that faults will slip if the ratio of shear to effective normal stress 
exceeds the coefficient of sliding friction 
– τ/σn=µ (Figure 37). Essentially all rocks 
except some shales, 0.6 < µ < 1.0 is the 
limiting values of effective stresses using 
the frictional strength criterion. The 
corresponding formula of coefficient of 
sliding friction, µ is espressed in terms of 
an angle of internal friction, ϕ.   
 
 
𝜇 = tan 𝜙 
Figure 37: Sliding on faults limited by τ/σn 
(courtesy of GeoMechanics Intl. Inc.) 
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The angle of internal friction, ϕ (model shown in Figure 39) is obtained from 
compression tests on core samples from the field in this case Gullfaks and the data is 
available and the coefficient of sliding friction, µ of Gullfaks can be calculated using 
PetrelTM calculator (refer appendix). The calculation established that the coefficient of 
sliding friction, µ of Gullfaks is in the range of 0.72215 < µ < 0.99564 which in within 
the range limit of 0.6 < µ < 1.0 indicating that the faults in Gullfaks are still intact and 
will not slip under the existing effective stresses calculated earlier.  
 
 
   However, as mentioned earlier, any increase of stress (i.e., drilling a new well) will 
increase the ratio of shear to effective normal stress, τ/σn exceeding the coefficient of 
friction, µ triggering fault movement which will deform the rocks causing wellbore 
failures. Hence, it is important to drill at the region where the coefficient is low or near 
the minimum limit (7.22) equipped with optimal mud weight defined by the safe mud 






Figure 39: Coefficient of sliding friction, µ of Gullfaks 
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b) Well Trajectory Optimization using Frictional Strength Model 
  The 3D model of coefficient of friction, µ can be used as a Geomechanical Model to 
analyse the optimum safe well trajectory. Shown below are 2 cases (Case A & Case 
B) where wells are drilled in the reservoir based on the frictional strength of the 
reservoir. Case A (Figure 40) is where 2 well trajectories follows the critical region 
where the coefficient of sliding friction is high where the grid cells at the horizontal 
trajectories are the yellow and the red region (values  0.90 < µ < 0.99). Worst case 
scenario the stresses will increase the ratio of shear to effective normal stress, τ/σn 
around this region exceeding µ=1.0 triggering faults movement thereby damaging the 
wellbore. Thus well trajectories defined in Case A should best be avoided although the 
safe mud weight is being used. What follows next is Case B where the well trajectories 




Contrariwise, Case B (Figure 41) follows 2 well trajectories which are drilled in the 
safe region where the coefficient of sliding friction is low where the grid cells at the 
horizontal trajectories are in the turquoise coloured region (values  0.72 < µ < 0.80). 
Worst case scenario the stresses will increase the ratio of shear to effective normal 
stress, τ/σn around this region by 0.1 or 0.2 but will not exceed µ=1.0 if the mud weight 
used is within the range of 3.30 ppg ~ 3.60 ppg.  
 
Figure 40: Case A – Well Trajectories at the critical regions 
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   Thus well trajectories defined in Case B represent the optimum well trajectories that 




4.3.3 Other MEM Models  
   One model to analyse optimum well trajectory is not sufficient as the reservoir rock 
develops it strength with several other properties such as Unconfined/Uniaxial 
Compressive Strength (C0/UCS), Young’s Modulus (E), Poisson’s Ratio (ν) and 
Frictional Angle (ϕ).    Further modelling and well trajectory optimization will account 
for both Unconfined/Uniaxial Compressive Strength (C0/UCS), Young’s Modulus 
(E)and Poisson’s Ratio (ν)  but not Frictional Angle (ϕ) because it has already 
incorporated the Frictional Strength model wherein Frictional Angle ϕ is a function 
of frictional coefficient, µ. 
a) Well Trajectory Optimization using Unconfined Compressive 
Strength (UCS) Model 
   From now on the term Unconfined Compressive Strength (UCS) is used instead of 
Uniaxial Compressive Strength (C0) to avoid confusion. Kuhinek et al. (2011) tested 
at least five rock samples and stated that the rock samples can have UCS in the range 
Figure 41: Case B – Well Trajectories at the safe regions 
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from 5MPa (50 bar) for soft, ductile rock 
and up to 250 MPa (2500 bar) for very 
brittle rock.  
According to Zoback M.D. (2007), in a 
brittle rock (with stress-strain curves 
like that shown in Figure 42) the failure 
occurs catastrophically, with the 
material essentially losing all of its 
strength when going through 
compression force. The brittle rock 
breaks without significant deformation 
(strain). It absorbs relatively little 
energy prior to fracture, even those of 
high strength and is little or no plastic deformation before failure. In more ductile or 
malleable materials (such as poorly cemented sands, poorly lithified sediments) failure 
is more gradual. Ductile rocks will bend or flow deforming without macroscopic 
fracturing. Ductility (or malleability - ductility is sometimes used to embrace both 
types of plasticity) are aspects of plasticity, the extent to which a rock material can be 
plastically deformed without fracture. Simply put, rock failure in compression occurs 
when the stresses acting on a rock mass exceed its compressive strength. 
   In the case of Gullfaks Reservoir, through compression tests, the distribution of UCS 
throughout the reservoir is found to be from 140 bar to 890 bar (14 MPa to 89 MPa) 
(Figure 43). Theoretically, rocks with high UCS (MPa) have higher compressive 
strength so that large amount of stress are required to deform it compared to rocks with 
lower UCS. Then again these rocks may exhibit a brittle behaviour where it will not 
deform plastically and break or fracture instantly without notice. Fracturing the 
formation around the reservoir while drilling is extremely not desirable where the mud 
would seep into the fractured reservoir and is lost. So, the plan is to drill the region 
where the UCS is lower where the rocks exhibit a ductile behaviour so as to allow 
plastic deformation without fracturing the reservoir while keeping the stresses low by 
using safe mud weights.  
Figure 42: Stress-strain curves 
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   Only, 10% of the reservoir region (lower layer of the reservoir - Figure 44) holds the 
range of UCS of about 700 bar-890 bar while most of the region (80%) are in the range 
of 140 bar-450 bar.  
 
      
   
Figure 43: UCS model of Gullfaks  
Figure 44: UCS view from east – shows that the 10% of UCS region of 




   Now, to analyse the optimum well trajectory using the UCS model, a cross section 
layer (Figure 46) was prepared by creating a vertical intersection through the model 
(Figure 45).   
Figure 45: Vertical intersection of the 3D model  
Figure 46: Cross section of UCS model with well trajectories  
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   Referring to Figure 46, Trajectory A is follows a path where in enters the reservoir 
at an inclination. This trajectory is still in the ductile zone where the rock will not 
fracture but only deform plastically if and only if the stress introduced while drilling 
exceeds the UCS at the region. Then the trajectory starts to go horizontally where it 
enters the region of brittle rock (depicted inside the red box) where there is a 
probability that the region will fracture if UCS is exceeded. Even so the probability of 
fracturing could be minimized with the use of suitable mud weight. But in case the 
stress becomes so high it should be best avoided drilling using the trajectory of 
Trajectory A and Trajectory B should be chosen as it represent an optimized drilling 
trajectory that would avoid any fracturing and breakage around the reservoir ensuring 
wellbore stability.  
   In brief, rocks with ductile behaviour but low UCS are most likely to deform 
plastically whereas rocks with high UCS but deforms considerably. Yet, the region 
that is chosen to be drilled is the ductile rocks with low UCS. This seems contradicting, 
nonetheless the uniaxial compressive strength usually should not be considered a 
failure criterion but rather an index that gives guidance on strength characteristics. So 
the Young’s Modulus (E) Model and Poisson’s Ratio (ν) model was also simulated to 
support the UCS model as a failure criterion model for well trajectory optimization.   
 
b) Well Trajectory Optimization using Young’s Modulus (E) 
Model 
   A linearly elastic material (Figure 47) is one in which stress and strain are linearly 
proportional and deformation is reversible This can be conceptualized in terms of a 
force applied to a spring where the constant of proportionality is the spring constant, 
k (Zoback, 2007). An ideal elastic rock strains linearly in response to an applied stress 
in which the stiffness of the rock is the Young’s modulus (E) (or referred to as simply 
elastic modulus) where the rocks of gullfaks are assumed to be.  
 
Figure 47: 
Elastic law – 
Young’s 
Modulus, E  
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      Low elastic moduli means the material will be easily deformed elastically like 
rubber which its Young’s Modulus, E is in the considerably low range of 0.01 GPa ~ 
0.1 GPa. Stiffer materials like rocks have larger elastic moduli. The higher the E, the 
larger the strength parameters of the material. Simply put, Young’s Modulus, E 
predicts how much a material extends under tension or shortens under compression, in 
other words deform.  
   The distribution of Young’s modulus, E of Gullfaks is shown in Figure 48. The 
elastic modulus ranges from 7.5 GPa to 35 GPa. Lower values of E indicates the rocks 
will be easily deformed although elastically but the rocks with higher E has a bigger 
tendency to remain in its shape although suppressed to force or stress. So drilling in 
regions with high E is much desirable as it the rocks have a very low probability that 
it will deform. Drilling in the region where the rocks will lose its shape due to stress 
will instigate caving of the formation of even collapse and this will jeopardize the 




   The model above was also intersected in the same manner as shown in Figure 45, 
the cross section of Young’s modulus, E model was generated to investigate the 
optimum well trajectory based on elastic moduli of the rocks (Figure 49).  
 
 





   
   This is the same region of cross section as the UCS model. Now we see that 
Trajectory C which is similar to Trajectory A entering the horizontal trajectory. It 
seems that the horizontal zone indicates a region of high elastic moduli (yellow & red 
coloured) meaning that it is hard to deform the rock at this region. But the Trajectory 
A of the UCS model is not desirable since the rocks will tend to fracture and so it 
seems contradicting. In contrast, Trajectory B & D are drilled at the region of ductile 
and high elastic moduli. Having being said earlier that the UCS model should not be 
considered a failure criterion but rather an index that gives guidance on strength 
characteristics, it is deducted that both Trajectory C&D are optimized well trajectory 
based on Young’s moduli, E as it can be assumed that the rocks around Trajectory A 
(which mirrors Trajectory C) will only fracture at very high stresses which can be 








Figure 49: Cross section of E model with well trajectories  
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c) Well Trajectory Optimization using Poisson’s Ratio (ν) Model 
   Previously, UCS represents axial deformation and Young’s modulus measured the 
elasticity of the rock when uniaxial stress is applied. Recalling the theory, Poisson’s 
Ratio (ν) is the ratio of transverse strain to axial strain. Hence, Poisson’s Ratio (ν) deals 
with lateral deformation.  
   The higher the ratio, the easier the material expands or contract when compressed or 
stretched. In other words, materials with high Poisson’s ratios will be easily deform 
and change its shape. For most rocks, Poisson’s ratio lies between 0.15 and 0.30. For 
the rocks of Gullfaks Reservoir the Poisson’s ratio is from 0.24 to 0.31. If Poisson’s 
ratio is correlated with the Young’s modulus, then it can be used to estimate strength 
parameters to some degree. According to Bentley & Zhang, (2005), for dry rocks, 
Poisson’s ratio varies proportionally with Young’s modulus that is the higher 
Poisson’s ratio, the larger is Young’s modulus. But when the rocks are wet rocks (i.e., 
saturated with liquid – oil or water), the relationship is reverse since wet pores of the 
rocks increase Poisson’s ratio. Hence, Poisson’s ratio varies inversely with Young’s 
modulus. The higher the Poisson’s ratio, the lower is the Young’s modulus and vice 
versa. In the case of Gullfaks Reservoir which the rocks are wet rocks, this proven by 
the log results of few exploration wells that depicts Young’s modulus and Poisson’s 
ratio. Both logs of the two wells in Figure 50 show that the Poisson’s ratio is inversely 
proportional to Young’s modulus, when Poisson’s ratio is high, the Young’s modulus 
is low, when Poisson’s ratio is low, and the Young’s modulus is high. 
   In the case of drilling an optimum well trajectory, drilling in the region of high 
Young’s modulus is preferable because the rocks are stiffer and very hard to be 
deformed. Conversely, the Poisson’s ratio of this high Young’s modulus region will 
be low but the lower the Poisson’s ratio the harder the rock expands or contract when 
subjected to compression or stretched. Therefore, the region which has a low Poisson’s 
ratio will be the optimum well trajectory to be drilled. Both Trajectory E & F (Figure 
51) are drilled in the regions where the Poisson’s ratio are low (purple & turquoise 
coloured). These are the same regions where the Young’s modulus are high. With low 
Poisson’s ratio and high Young’s modulus, the rocks at the drilled trajectory has a very 




































   Usually prior to drilling, the mud weight used is based on the previous well drilling 
in the vicinity of the area which is risky but with the combination of safe mud weight 
formulations and the understanding of rock mechanical properties of the reservoir is 
used prior to drilling so that predictions are made before drilling not during drilling 
consequently wellbore stability is already established before drilling and not during 
drilling. In other words, prevention of well instabilities is better than “curing” wellbore 
instability. In summary, the combination of the 2 methods guarantees wellbore 
stability thereby optimizing well trajectories in the reservoir  
   On the other hand, with geomechanical models (MEM), the rock properties of the 
reservoir can be predicted before drilling and this knowledge of the reservoir rock 
equipped with the used of safe mud weight will guarantee wellbore stability thereby 
optimizing well trajectories in the reservoir. The comparison between the MEM shows 
that the Young’s modulus model and Poisson’s ratio model when used together are the 
most suitable model to be used for well trajectory optimization. Also, the frictional 
strength model is appropriate to be used when the reservoir is full of faults. 
RECOMMENDATIONS 
   This research can be further improved using the methods of Zare et al., using the 
maximum & minimum horizontal stress models. This research did use the method of 
effective stress modelling but it accounts all the stress all together but not in its 
horizontal components. 
   Furthermore, this research is purely theory and analytical using geomechanical 
analysis and modelling but the research results and analysis could be validated if 
drilling is actually done using the methods above, and adjudicating to the drilling 
reports so as to see whether or not the wellbore stability and optimum well trajectory 
are achieved. 
   Lastly, this research was done for well trajectories in the reservoir. The 
geomechanical analysis and modelling can also be done for drilling well trajectories 
from the surface (sea floor) to the reservoir. Also, geomechanics can be used to define 
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Figure 52: Parameters calculated using calculator in PetrelTM 
